Abstract-In the tropics, efficient weather forecasts require high-quality vertical profiles of winds to overcome improper coupling of mass and wind fields and balance relationships in the region. The India Meteorological Department (IMD) operates the network of Doppler Weather Radar (DWR) in microwave frequencies (S-band or C-band) at various locations in India. The National Centre for Medium Range Weather Forecasting (NCMRWF) receives the volume velocity processing (VVP) wind profiles from all DWRs through the Global Telecommunication System (GTS) network in near real time. The radar VVP wind is a mean horizontal wind derived at different heights from radial velocities suitable for numerical weather prediction applications. Three numerical experiments, CNTL (without VVP winds), 3DVAR and HYBRID with the assimilation of VVP winds by means of 3-dimensional variational (3dvar) and hybrid data assimilation systems were conducted using the NCMRWF Global Forecast System (NGFS) model. This study had two objectives: (1) quality assessment of VVP winds and (2) investigation of the impact of VVP wind profiles on NGFS model forecast. The quality of VVP wind profiles was assessed against the NGFS model background and radiosonde wind profiles. The absolute values of zonal and meridional wind observation minus background (O-B) increased with the pressure for all DWRs. All radars exhibited the accepted (rejected) ratio as a decreasing (increasing) function of pressure. The resemblance between the zonal and meridional O-B statistics for 3DVAR and HYBRID experiments is apparently remarkable. The accepted VVP winds and radiosonde winds in both experiments (3DVAR and HYBRID) were consistent. The correlation coefficient (R) was higher at Patna (Patiala) for zonal (meridional) winds in the 3DVAR experiment and at Patna (Jaipur) in the HYBRID experiment. At Chennai, the R value was lower in both the experiments for both wind components. However, because of the assimilation of VVP winds by means of 3dvar, the rootmean-square error (RMSE) of zonal and meridional winds improved by approximately 2-3% up to the day 5 forecast in the analysis performed below 700 hPa. Further improvement in RMSE by approximately 5% was observed in both the wind components because of the hybrid data assimilation. The zonal and meridional wind RMSEs in the HYBRID (3DVAR) experiment improved by &5 (3)% compared with the 3DVAR (CNTL) experiment.
Introduction
A major challenge in the improvement of the numerical weather prediction (NWP) models is specifying the accurate atmospheric state (initial condition) by means of the available data. Since its inception, higher-resolution NWP models have been developed, and in recent years, numerous operational prediction centres have recognized the importance of data obtained from different remote-sensing instruments such as radars, lidars and sodars for improving weather forecasting. Doppler Weather Radar (DWR) wind observations for model Data Assimilation (DA) have been relatively rarely used compared with other remote-sensed data. However, DWR winds have been increasingly assimilated in the form of Velocity Azimuth Display (VAD) or Volume Velocity Processing (VVP) wind profiles in real-time applications (Michelson and Seaman 2000; Lindskog et al. 2004; Holleman 2005; Zhao et al. 2006) . The VAD (Browning and Wexler 1968) and VVP methods (Waldteufel and Corbin 1979) have been used to derive the vertical profile of horizontal wind from radial wind scans. The VAD method is not suitable for complex wind retrievals (Holleman 2005) ; therefore, the VVP method has been used to obtain larger wind field information. The VVP method involves by dividing the volume scan data into many analysis volumes in which wind field parameters are retrieved by means of the least square technique with an assumption that the wind field is linear within the analysis volume. The VVP method is more robust and stable than the VAD method; however, VVP basis functions are not inherently orthogonal (Boccippio 1995) . VVP winds represent a potentially valuable source of lower-air data suitable for DA and other mesoscale meteorological applications (Roybhowmik et al. 2011) . Incorporating the VVP wind profiles into the assimilation system can improve the initial conditions of NWP models at higher resolutions and can also provide useful information to the forecasters. A thorough understanding of the quality and impact of DWR wind profiles is essential for the assessment of meteorological forecasts, air-quality and climate studies (Lindskog et al. 2004; Zhao et al. 2006) .
Till date, few verifications or case studies have been conducted on the quality of VVP or VAD retrieval wind profiles namely, radiosonde (hereafter referred to as sonde), sodars, profilers and model background conditions. Nelson et al. (1995) conducted a series of quality assessments on VAD winds and suggested that a large sample of VAD measurement can be assumed to represent the winds reasonably well, whereas individual VAD observations may contain large errors. Andersson (1998) verified VAD winds from C-band Doppler radar against sonde winds from a station at a distance of 10 km and reported that the root-mean-square vector differences were the largest at the lowest levels and were almost constant at higher levels. Michelson and Seaman (2000) performed two quality assessments on VAD winds: (1) temporal and vertical consistency check and (2) a filter that used bias-corrected model that simulated wind field as a background to identify and eliminate unreliable VAD data. Furthermore, quality-controlled VAD winds were assimilated into the Mesoscale Model 5, and wind simulations were verified against winds from profilers, sodars and sondes. A quality control technique was developed by Collins (2001) to identify data errors (i.e., random errors, ground clutter, gross errors and migrating birds) for operational assimilation of weather surveillance radar (WSR-88D) wind profiles. Parrett et al. (2004) monitored the quality of VAD wind profiles from radars mainly by comparison with 6-h forecasts from the Met Office-operated global NWP model and with nearby sondes. They demonstrated that a few stations exhibited wind speed and direction biases, particularly at lower levels, whereas other stations exhibited favourable correspondence. Holleman (2005) performed extensive quality control of the radial velocity and the retrieved wind vectors by means of VAD and VVP methods with collocated sonde observations and NWP data. The intercomparison of various methods revealed that the VVP method yielded slightly more favourable performance than the VAD method. Holleman et al. (2008) combined Doppler radar wind profiles with the data from bird-tracking radar and found that the standard deviation of radial velocity obtained from VVP retrieval was an effective indicator for bird migration. Poli and Alberoni (2014) verified the VAD and VVP methods against sonde data over an 8-month period, and the results revealed that the VVP method outperformed the VAD method, particularly in the lower levels. Recently, Waller et al. (2016) used the diagnostic method of Desroziers et al. (2005) to estimate the spatially correlated errors for Doppler radar radial wind observations assimilated into the Met Office model.
Recently, weather radar wind profiles have been widely used to improve the operational NWP models. The assimilation of wind profiles from ten WSR-88D sites in summertime meteorological simulations was presented by Michelson and Seaman (2000) . They stated that the interpretation of these datasets is useful in the assimilation schemes. Furthermore, Rinne (2000) presented an overview of the problems and consequences of using radar wind observations in NWP model assimilation. In addition, Lindskog et al. (2004) assimilated Doppler radar wind data over northern Europe in the High-Resolution Limited Area Model (HIRLAM) with 3-dimensional variational (3dvar) data assimilation. They demonstrated considerable improvements in the wind and temperature forecasts in the lower and middle troposphere at a 22-km horizontal resolution. Holleman (2005) presented an extensive verification study of VAD and VVP wind profiles by means of NWP data over a 9-month period. Notably, the observation minus model background statistics of the VVP wind profiles against the HIRLAM model were at least as good as those of the sonde profiles. In another study, Zhao et al. (2006) assimilated radial wind observations from three WSR-88D sites on the east coast in the mesoscale NWP model. They concluded that the radar observations contain valuable information about the mesoscale and storm-scale structures of the atmosphere and are a major data source for highresolution NWP model initialization. Furthermore, many studies have thoroughly examined the effect of Doppler radar radial velocity on the prediction of mesoscale meteorological events (Xiao et al. 2005) and operational forecasting (Xiao et al. 2008; Montmerle and Faccani 2009; Simonin et al. 2014) . The results revealed the Doppler radial velocity had neutral-to-positive effects on analyses and forecasts; consequently, it is included in the operational assimilations.
A few studies have investigated the assimilation of radar wind observations into the model simulations to improve the model forecast skills over the Indian domain. Most studies have focused on the assimilation of DWR wind observations into different NWP models and investigate its impact on short-range weather forecasting and prediction of mesoscale convective systems (Das et al. 2006 (Das et al. , 2015 Abhilash et al. 2007a Abhilash et al. , b, 2012 Srivastava et al. 2010; Kiran et al. 2014) . Furthermore, many studies have investigated the impact of the Doppler radar winds data on the numerical simulation of extreme weather events (Routray et al. 2010; Govindankutty et al. 2010; Srivastava and Bhardwaj 2014) . These studies evidence that the assimilation of the Indian DWR wind data in models can improve the simulation of convective systems influencing the large-scale monsoon flow as well as improved spatial distribution of rainfall.
Previous studies have elucidated that VVP winds are more robust and reliable (Boccippio 1995; Holleman 2005; Poli and Alberoni 2014) compared with other wind retrievals; however, the quality of VVP winds must be evaluated (Roybhowmik et al. 2011) . In addition, studies investigating the effect of VVP wind profiles on NWP model weather forecasts are limited [e.g., Alberoni et al. (2001) and Holleman (2005) ]. Therefore, in this study, we extensively verified VVP wind profiles against the National Centre for Medium Range Weather Forecasting (NCMRWF) Global Forecast System (hereafter referred to as NGFS) model background and sonde wind profiles during the period 01-15 December 2015. Furthermore, the effect of VVP wind profiles on NGFS model forecast in different DA systems was assessed. This paper addresses the following concerns: (1) the efficiency of VVP winds against sonde measurements (2) the observation minus background (hereafter referred to as O-B) statistics in different DA systems and (3) whether wind root-mean-square error (RMSE) of the NGFS model forecast improved after VVP assimilation. Addressing these concerns is very important and essential for air pollution studies, mesoscale meteorological applications and real-time weather forecasting. The remainder of the paper is organized as follows: Sect. 2 introduces the model used, data and experimental details. The quality assessment of VVP winds against the model background and sonde wind profiles for different assimilation systems is presented in Sect. 3. The effects of VVP wind profiles and the data assimilation system on NGFS model weather forecasting are presented in Sect. 4. Finally, the key conclusions are presented in Sect. 5.
Data, Model and Experiments
The India Meteorological Department (IMD) is establishing a network of DWR to maximize the use of reliable radar observations in the operational NWP applications. The Indian DWR network is presented in Fig. 1 , where the blue solid circles represent the location of DWR and the filled area denotes radar coverage (50 km). The geographical positions of all DWRs are tabulated in Table 1 . All the radars are operating in the dual Pulse Repetition Frequency (PRF) mode (450/600 Hz) with a PRF ratio of 3:4 with 10 (2) operating at S (or C) band frequencies. The DWR consists of a high-power coherent transmitter, which transmits the signal as a pencil beam with a 1°beam width, and the radar is steerable in azimuth and elevation directions. DWR observations such as reflectivity, radial velocity and spectral width were received at the NCMRWF through the Global Telecommunication System (GTS) network from the IMD in near real time (George et al. 2011) . Several algorithms for the extraction of wind profiles have been developed, and the most notable ones are VAD (Browning and Wexler 1968) and VVP (Waldteufel and Corbin 1979) . In addition, the NCMRWF received the VVP wind profiles from all DWRs listed in Table 1 through a GTS network with a height resolution of 400 m and temporal resolution of 10 min, which are further converted into the binary universal form for assimilation.
Wind Profiles from DWR
The DWR performs a three-dimensional volume scan and thus provides the mean radial velocity as a function of range, azimuth and elevation. It measures the pulse volume and reflectivity-weighted radial component of the velocity of scatterers. With the assumption of uniform wind field (u 0 , v 0 , w 0 ) and a constant terminal fall velocity (w f ), the radial velocity (V r ) can be calculated as a function of the beam azimuth / (angle between the antenna and true north) and elevation h (angle between the antenna and surface) as follows:
where w 0 is the sum of the vertical component of the wind and the terminal fall velocity of the hydrometeors. At a fixed slant range, the VAD represents the radial velocity versus the azimuth angle. For a uniform wind field, the VAD is a true sinusoidal curve. The amplitude and phase of the sine wave are used to determine the wind speed and direction. In the VVP method (Waldteufel and Corbin 1979) , all the available velocity volume data within a certain height level are processed. The VVP method extracts the parameters of the local wind field by means of a multidimensional linear fit of the radial velocity equation to the observed Doppler volume data. The VVP wind is the mean horizontal wind derived at different heights and times useful for NWP model applications.
Wind Profiles from RAOB
NCMRWF receives the daily sonde observations valid at 00 and 12 Universal Time Coordinated (UTC) through the GTS network. These weather balloon soundings provide in situ observations of the vertical wind profile at all radar locations. The data from RAdiosonde OBservations (RAOBs) are recorded at numerous constant pressure levels during their rise through the atmosphere. Only 00 UTC RAOBs have been used for validation because they had more valid retrievals compared with 12 UTC. The criterion for collocations was within ?45 (-15) min of time coincidence after (before) time of sonde launch and a distance window radius of 5-10 km between the sonde location and the DWR centre.
Model Description and Experimental Setup
The NGFS model used in this study is adapted from the National Centre for Environmental Prediction GFS and is operational in NCMRWF since 1989 (Prasad et al. 2014 ). In the operational configuration during this study, the model had a resolution of T574L64 (spectral truncation of 574 waves in the zonal direction with a Gaussian grid of 1760 9 880 points and 64 vertical levels) and used a 3-dimensional variational data assimilation system (3dvar). In addition, the operational system was also used as a hybrid data assimilation system (combining ensemble and variational DA together). In the hybrid system, 80-member ensemble Kalman filter with a resolution of T254L64 and a deterministic system with a resolution of T574L64 were used. In both the assimilation systems, an observation window of ±3 h was used. At each time window, a new atmospheric state (analysis) was estimated to initialize a new 9-h global model forecast. Although the background used for each analysis was from previous 6-h forecasts, the new 9-h forecasts are necessary to allow time interpolation of asynoptic observations that fall within the 6-h analysis time window. For the global gridpoint statistical interpolation (GSI) analysis, observation errors were generated using a precomputed observation error table according to the observation type. The observation errors for the horizontal wind components were in the range of 1.4-2.1 m s -1 from 1100 to 0 hPa for VVP observation. Further details of the operational implementation of NGFS are documented by Prasad et al. (2011) , and the details of the GSI system are documented by Kleist et al. (2009) . Three numerical experiments were conducted using the NGFS model with the 3dvar data assimilation system without VVP wind profiles (CNTL), with VVP wind profiles (3DVAR) and hybrid data assimilation system with VVP wind profiles (HYBRID). The assimilation was performed four times a day corresponding to 00, 06, 12 and 18 UTC, and forecasts were performed at 00 UTC only. During each cycle, on average &36 profiles of VVP winds at model levels were assimilated. No experiment was conducted by excluding the VVP winds with the hybrid DA system. The aforementioned three numerical experiments were conducted during the period 01-15 December 2015 and are summarized in Table 2 .
Quality of VVP Winds
The quality of VVP wind profiles are affected by various factors such as clutter and bird migration (Collins 2001; Holleman et al. 2008; Poli and Alberoni 2014) . These factors are removed during the signal processing of the DWR data. In addition, as discussed in Sect. 2, the NGFS model has an inbuilt Complex Quality Control VAD program which performs the complex quality procedure on VVP wind profiles by comparing the data with the previous cycle short forecast as background information to identify erroneous data and eliminate them from the analysis files. The quality procedure includes the evaluation of increment, vertical statistical, temporal statistical and combined vertical-temporal trends.
Updates of these quality evaluations are encoded into the Prepbufr file. In addition to clutter removal, an additional algorithm was used to account for contamination due to seasonal migration of birds. These inbuilt quality evaluations were incorporated in both the DA systems (3dvar and hybrid) for VVP wind profiles before assimilating into the NGFS model.
Mean Characteristics of Diurnal Variation of Winds
Figure 2 clearly shows the mean diurnal variation of zonal wind (U) and meridional wind (V) over Delhi during the study period. The growth of the Atmospheric Boundary Layer (ABL) is seen at 0530 UTC and increased with time, and the peak of the ABL was observed at 0930 UTC. The peak of ABL over Delhi was relatively shallower than that of other stations due to stratified conditions during the study period. According to the wind speed profile, the maximum zonal (meridional) wind speed was 18 (15) m s -1 at the time when the ABL reached its maximum height. The ABL always displays certain dynamical features, which to a certain extent control the regularity of air motions. Moreover, the diurnal variation of zonal/meridional wind speed changes complexly with altitude. At Delhi, the maximum wind speed was observed during the day time than night time due to the strong vertical mixing in the ABL and the downward transport of momentum. Furthermore, during the night time, the upper level jet was observed over the ABL; however, its regularity was unclear. It may be related to the fast-developing inversion layer on which downward momentum from the free atmosphere accumulates at the top.
Quality of VVP Winds Against NGFS Model Background Winds
The quality of VVP wind profiles were assessed against NGFS model background wind profiles. The daily background statistics were prepared at each cycle (00, 06, 12 and 18) UTC with respect to the short forecast from its previous cycle (see Sect. 2) . The O-B statistics were divided into two categories (1) accepted data and (2) rejected data. The division of the two categories was based on the Variational Quality Control (VarQC) procedure, which is inbuilt in the NGFS model (Andersson and Jarvinen 1999) . For the sake of completeness, it is described in brief here. The conventional GSI observation innovations (defined as the difference between the observations and the 6-h guess forecast) pass gross error checks, and then an innovative weight is computed based on its consistency with the solution of the variational minimization based on all available observations. Any observation with a weight of C0.25 was used in the minimization. In a typical pass (fail) quality control procedure, observations with a comparable weight of less (greater) than 0.7 is rejected (accepted) from the process. Furthermore, the O-B statistics of zonal and meridional winds at the model resolution were extracted for both categories. A total of 24 pressure levels were selected from 1000 to 425 hPa with an interval of 25 hPa. Then, the zonal and meridional O-B winds were interpolated to the selected pressure levels. The same methodology was applied to all operational radars, and the corresponding O-B statistics were computed at the nearest grid point from the radar location as a function of pressure on a daily basis. Furthermore, the accepted (rejected) ratio was calculated as the ratio of the number of accepted (rejected) wind vectors to the number of available vectors at the same pressure and location, and the resultant was multiplied by 100. A similar methodology was applied to the HYBRID experiment, and all the corresponding O-B statistics were computed. The computed mean O-B statistics of the 3DVAR experiment for all operational DWRs are presented in Fig. 3 . The vertical profiles of accepted (rejected) zonal and meridional O-B statistics are shown in Fig. 3a, b (Fig. 3d, e) , whereas the accepted (rejected) ratio is shown in Fig. 3c (3f) as a function of pressure. Figure 3c clearly shows that the locations Chennai, Machilipatnam, Visakhapatnam, Kolkata, Bhopal, Agartala, Mohanbari, Patna, Lucknow and Jaipur had a lower accepted ratio (\25%), whereas Delhi and Patiala had a higher accepted ratio ([75%); the rejected ratio was vice versa. The accepted (rejected) ratio decreases (increases) as a function of pressure for all DWRs as reported by Andersson (1998) . Similarly, Holleman (2005) observed that the availability fraction of VVP wind vectors in the lowest 1 km was 0.39 and dropped to 0.16 at an altitude of 6 km. Figure 3a , b evidences that the accepted mean O-B is increased with the decreasing pressure. The absolute value of zonal and meridional wind O-B was 1-3 m s -1 at the ground level, and gradually increased with pressure, and reached almost 4-6 m s -1 at aloft. This increase is probably due to the increase in the wind speeds with pressure. For the rejected data (Fig. 3d, e) , the absolute value of the O-B wind vector components was 2-4 m s The quality of VVP winds was also assessed using the O-B statistics of the HYBRID experiment. The histograms in Fig. 4 represent the performance of the accepted (Fig. 4a, b ) and the rejected (Fig. 4d, e) O-B statistics for both the zonal and meridional wind components at different radar locations. Figure 4c , f shows the accepted and rejected ratios for the HYBRID experiment. The two experiments had the following similarities: (1) The vertical variation in zonal and meridional O-B was evident for all DWRs; (2) the accepted data had lower values of zonal and meridional wind O-B below 700 hPa, and the converse was true for the rejected data; and (3) the amounts of accepted/rejected ratio was nearly identical except at a few locations and pressure levels. The ratio difference between the two experiments was only 2-5%. A distinguishable difference observed between the two experiments was that the O-B statistics exhibited higher negative values in the HYBRID experiment compared with the 3DVAR experiment below 700 hPa. The resemblance of the zonal and meridional O-B statistics as a function of pressure for the 3DVAR and HYBRID experiments is notable.
Quality of VVP Winds Against Sonde Winds
The quality of VVP winds were assessed against the collocated sonde observations available for all operational DWRs. The accepted VVP wind profiles were collected before (after) 15 (45) min at 00 UTC and were averaged and interpolated to the selected pressure levels to ensure they were consistent with the model levels. All 12 DWRs were collocated with sonde locations; a comparison of the two data sources reveals the characteristic errors in the VVP winds. The selection of locations is dependent on the accepted ratio (Fig. 3c-3DVAR, Fig. 4c-HYBRID) . Based on the increments in the accepted ratio and the available sonde observations, Chennai, Visakhapatnam, Patna, Jaipur, Delhi, and Patiala stations were selected. The zonal (U DWR ) and meridional (V DWR ) radar winds were plotted against zonal (U RAOB ) and meridional (V RAOB ) sonde winds at Chennai, Visakhapatnam, Patna, Jaipur, Delhi and Patiala (Fig. 5a-f and g-l) at 00 UTC below 700 hPa. The solid (open) blue (red)-coloured diamonds (squares) in each subplot represent the 3DVAR (HYBRID) experimental values. The bottom-right side of each subpanel shows the correlation coefficients (R) between the VVP winds accepted through the 3DVAR (HYBRID) experiment and sonde winds. From Sect. 3.1, the mean absolute values of zonal and meridional O-B is much wider, revealing the possibility of considerable scatter in the data. In the 3DVAR experiment, the correlation between VVP and sonde was higher at Patna (Patiala) for zonal (meridional) winds. In the HYBRID experiment, the correlation was higher at Patna (Jaipur) for zonal (meridional) winds. At Chennai, the correlation was lower in both experiments for both wind components. In the 3DVAR experiment, the R values between VVP and sonde winds in descending order are 0. 96, 0.90, 0.81, 0.78, 0.74 and 0.66 (0.93, 0.92, 0.91, 089, 0.77 and 0.74) at Patna, Delhi, Patiala, Jaipur, Visakhapatnam and Chennai (Patiala, Delhi, Jaipur, Patna, Visakhapatnam and Chennai) for zonal (meridional) winds. Andersson (1998) reported a root-mean-square vector difference of 3.5-4 m s -1 between VAD wind profiles from the C-band radar against sonde wind profiles from a station at a 10-km distance. In the HYBRID experiment, the R values were 0. 96, 0.91, 0.90, 0.81, 0.81 and 0.67 (0.94, 0.93, 0.92, 0.89, 0.80 and 0.77) at Patna, Delhi, Jaipur, Patiala, Visakhapatnam and Chennai (Jaipur, Patiala, Delhi, Patna, Visakhapatnam and Chennai) for zonal (meridional) winds. Notably, only 2 locations (Visakhapatnam and Jaipur) out of 6, exhibited significant difference ([0.05) in R value between the 3DVAR and HYBRID experiments. Overall, both the data assimilation systems were in good agreement with sonde observations for both the wind components. Similarly, the results of Michelson and Seaman (2000) was in good agreement with many pairs of collocated VAD and sonde winds throughout the depth of the VAD soundings (i.e., a large scatter in speed and direction). By considering the advantage of sonde data into the assimilation, these correlations clearly demonstrate that a good correspondence exists between two datasets irrespective of the data assimilation system.
Evaluation of Experimental Results

Mean Characteristics of Winds Between the Three Experiments
Figure 6 presents an intercomparison of the mean behaviour of the day 1 forecast wind vectors between three numerical experiments for the period 01-15 December 2015. Three pressure levels (1000, 850 and 700 hPa) were selected to discuss the vertical variability of wind vectors between the three experiments. The northeasterly flow is one of the main characteristic feature of the northeast monsoon, which was observed in all the three experiments at 1000 hPa ( Fig. 6a-c) . Strong westerlies-southwesterlies over the northern parts of India were turned to strong northeasterlies over the southeast India, and strong southwesterly winds prevailed over the equatorial Indian ocean. Both these wind systems converged over the southeast Peninsular India. These features suggest the prevalence of the strong northeast monsoon over southeast India during the study period. Another feature is the weak westerly winds over the equatorial Indian Ocean (not shown). At 850 hPa, the strong easterlies prevailed over the southern parts of India with magnitudes greater than 25 m s -1 . Furthermore, the trough of easterly winds continued and was associated with a strong northwesterly flow over the central India region (Fig. 6g-i) . Overall, a reversal of wind pattern was observed over the northern parts of India and southeast India; such reversal of winds coming through the Bay of Bengal takes the moisture and reaches southeast India. This flow with moisture inhibits the rainfall activity over the southern parts of India. This gross feature was noted well in all the three experiments.
Intercomparison of Three Experiments: A Case Study
The effect of VVP winds was assessed by comparing the numerical experiments 3DVAR and CNTL. In addition, the effect of the assimilation systems was assessed by comparing the 3DVAR and HYBRID experiments. These comparisons are presented first through a typical case study (10-12-2015) and later, mean statistics for the entire study period are presented. Figure 7 presents the zonal and meridional wind differences between the 3DVAR and CNTL experiments on 10-12-2015 at the aforementioned three pressure levels. The difference plot of the day 1 forecast shows that the variations are in the range of ±2 m s -1 near the radar locations, and these specific changes are attributed to the assimilation of VVP winds. The effect of VVP winds was observed up to 700 hPa, and the differences became higher aloft due to the decrease in the number of scatterers. In addition, a relative reduction in zonal and (Fig. 7a ) meridional (Fig. 7d) winds was observed along the trough axis (Fig. 6a-c) . Figure 8 shows the zonal and meridional wind differences between the 3DVAR and HYRBID experiments at the three pressure levels. At all DWR locations and their surrounding regions, the differences in winds between the two DA systems were noticeable at the three pressure levels. Over
Figure 7 Differences in the zonal (top panels) and meridional winds (bottom panels) between the 3DVAR and CNTL experiment on 10 December 2015 of day 1 forecast at three selected pressure levels (1000, 850 and 700 hPa), depicting the effect of VVP winds by means of the 3dvar system Vol. 174, (2017) Quality and Impact of Indian Doppler Weather Radar Wind Profiles: A Diagnostic Studycentral India, the difference in zonal winds between the two experiments was 0.5 m s -1 at 1000 hPa (Fig. 8a) ; it increased with the pressure level to more than -2 m s -1 at 700 hPa (Fig. 8c) . A clear resemblance was observed in both the wind components, whereas the differences were more positive in the meridional wind. Furthermore, the differences between the 3DVAR-CNTL and 3DVAR-HYBRID experiments were calculated at each radar location. The mean zonal and meridional differences between the experiments with their standard error bars for the three pressure levels are shown in Fig. 9 . Most DWRs exhibited clear enhancements in the zonal and meridional wind differences between the 3DVAR and CNTL experiments with the decreasing pressure (Fig. 9a, b ) in the range of ±0.25 m s -1 . However, differences between the 3DVAR and HYBRID experiments were in the range of ±0.5 m s -1 for all DWRs. Similarly, at most DWRs, these differences were higher (lower) at 700 (1000) hPa level.
Statistical Evaluation of Three Experiments
Model forecasts (up to day 5) were verified against respective analyses between three numerical experiments by calculating the zonal and meridional wind RMSEs for the three experiments with respect to analysis. The RMSE of each wind component elucidates the model skill for simulating the wind field because it considers errors in each component. Figure 10a -c (10d-f) shows the daily variation in mean RMSE of the day 1 forecast with respect to analysis at 1000, 850 and 700 hPa for zonal (meridional) winds between the three numerical experiments. In the day 1 forecast, the mean zonal wind RMSE values at 1000 hPa for three experiments CNTL (3DVAR and HYBRID) were 1.144 (1.143 and 1.127) and the meridional wind RMSEs were 1.147 (1.145 and 1.119). At 850 hPa, the HYBRID experiment had a lower RMSE than the other two experiments in most days for zonal wind, and all days for meridional wind. Therefore, an improvement in the mean RMSE of 2-3% was observed at the three pressure levels in the 3DVAR experiment relative to the CNTL experiment. The mean RMSE values of zonal and meridional winds up to the day 5 forecast at the three pressure levels between the three experiments are tabulated in Table 3 . Due to the assimilation of VVP winds with the 3dvar system, the wind RMSE in the 3DVAR experiment was reduced by some percent compared with the CNTL experiment. This effect was observed at all pressure levels up to the day 5 forecast in both the wind components. Furthermore, the two different DA systems had different effects on the NGFS model forecast. Clear reductions in zonal and meridional wind RMSE values were observed in the HYBRID experiment compared with the 3DVAR experiment at 1000 and 850 hPa up to the day 5 forecast and, at 700 hPa up to the day 2 forecast in zonal wind and day 1 forecast in meridional wind. These RMSE differences between the 3DVAR and HYBRID experiments are attributed to the assimilation system rather than VVP winds. From Fig. 10 and Table 3 , at different forecast days, quantitative increments in the zonal and meridional wind RMSEs in the three experiments with respect to the analysis were observed at all pressure levels. However, the HYBRID experiment exhibited improvements in RMSE in both wind components relative to the other two experiments up to the day 5 forecast at 1000 and 850 hPa levels, suggesting a very positive effect in model forecasts. Overall, the zonal and meridional wind RMSEs of the HYBRID (3DVAR) experiment are improved by *5 (3)% relative to the 3DVAR (CNTL) experiment.
Conclusions
In this study, the quality and assimilation of VVP winds were assessed using the NGFS model for the period 01-15 December 2015. The quality of IMD VVP winds was examined against the sonde wind profiles and model background wind profiles. Furthermore, VVP wind profiles were assimilated into NGFS simulations. The effect of VVP wind profiles on NGFS model forecasts was analysed up to the day Figure 9 Mean differences for 3DVAR-CNTL (left panels) and for 3DVAR-HYBRID (right panels) for zonal and meridional winds, depicting the effect of VVP winds with the 3dvar system and performance of DA systems at different DWR locations. Each solid line is a representative of pressure level at 1000 (850 and 700) hPa with black (blue and red) colours, and the bar indicates the standard error during the study period Vol. 174, (2017) Quality and Impact of Indian Doppler Weather Radar Wind Profiles: A Diagnostic Study5, and the most efficient assimilation system was identified for VVP assimilation. The key conclusions of this study are as follows:
1. The absolute values of the zonal and meridional winds O-B increase with the decreasing pressure for all DWRs. All radars have shown that the accepted (rejected) ratio decreases (increases) as a function of pressure. The resemblances of the zonal and meridional O-B statistics as a function of pressure between the 3DVAR and HYBRID experiments are remarkable. 2. In the 3DVAR (HYBRID) experiment, the maximum R value between VVP and sonde winds was 0.93 (0.94) at Patiala (Jaipur) for meridional wind. At Patna, the maximum R (0.96) value was observed for zonal wind speed for both the experiments. At Chennai, the R value was lower in both the experiments for both the wind components. A very good agreement was observed between the accepted VVP winds and sonde winds in both the experiments (3DVAR and HYBRID). 3. VVP wind profiles were assimilated operationally into the NGFS model by means of different data assimilation systems. Due to the assimilation of VVP winds, the differences between the 3DVAR and CNTL experiments in both wind components were in the range of ±0.25 m s -1 for all DWRs.
However, the differences between the 3DVAR and HYBRID experiments were in the range of ±0.5 m s -1 for all DWRs. Most radars demonstrated that the differences were higher (lower) at 700 (1000) hPa level. 4. Due to the assimilation of VVP wind profiles, the zonal and meridional wind RMSEs of all forecast days were substantially reduced in the 3DVAR and HYBRID experiments compared with the CNTL experiment. The highest assimilations of VVP winds were observed at 1000 and 850 hPa. 5. A ubiquitous feature in the three numerical experiments was the increments in the zonal and meridional wind RMSEs with forecast days at three pressure levels. 6. The zonal and meridional wind RMSEs in the HYBRID (3DVAR) experiment improved by &5 (3)% compared with the 3DVAR (CNTL) experiment, which indicates that the HYBRID experiment is more favourable than the CNTL experiment over the Indian region. Table 3 RMSEs of zonal and meridional winds between three numerical experiments up to the day 5 forecast at three pressure levels 
